Abstract: Mn-doped 0.7BiFeO3-0.3BaTiO3 (BFO-0.3BTO+Mn 1% mol) lead-free piezoelectric ceramic were fabricated by traditional solid state reaction. The phase structure, microstructure, and ferroelectric properties were investigated. Additionally, lead-free 1-3 composites with 60% volume fraction of BFO-BTO+Mn ceramic were fabricated for ultrasonic transducer applications by a conventional dice-and-fill method. The BFO-BTO+Mn 1-3 composite has a higher electromechanical coupling coefficient (kt = 46.4%) and lower acoustic impedance (Za ~ 18 MRayls) compared with that of the ceramic. Based on this, lead-free piezoelectric ceramic composite, single element ultrasonic transducer with a center frequency of 2.54 MHz has been fabricated and characterized. The single element transducer exhibits good performance with a broad bandwidth of 53%. The insertion loss of the transducer was about 33.5 dB.
Introduction
Lead-based ceramics, especially Pb(Zr,Ti)O3 (PZT), are the most extensively used piezoelectric ceramics for transducer applications due to their stable and good piezoelectric properties [1] [2] [3] [4] . However, environmental problems are caused by preparing lead-based ceramics because of PbO volatility. Recently, lead-free piezoelectric materials with relatively good piezoelectric properties have attracted a great deal of attention owing to environmental conservation [5] . Therefore, the lead-free ceramics were used in various applications, such as ultrasonic transducers [6] [7] [8] [9] , pyroelectric sensors [10] and actuators [11, 12] .
BFO-BTO system is proposed to be an important family of high-performance lead-free piezoelectric ceramics because of its good ferroelectric properties [13] [14] [15] [16] [17] . Additionally, Mn doping is a common method to enhance the piezoelectric properties and reduce the dielectric loss of the piezoelectric materials [15, 16] , thus, Mn modified BFO-BTO ceramic with good ferroelectric properties was chosen for transducer applications.
In order to further improve the performance of transducer, such as detecting highly attenuative materials in non-destructive evaluation applications or acquiring high resolution ultrasonic imaging in medical field [18] [19] [20] [21] . The 1-3 composite was widely used for further enhancing the acoustic and electrical properties of transducers due to its lower acoustic impedance Z and higher kt compared to the single phase ceramic [22] .
Therefore, in this work, lead-free BFO-BTO+Mn ceramic was characterized, and a single-element ultrasonic transducer was fabricated and characterized using the BFO-BTO+Mn ceramic/epoxy 1-3 composite.
Experimental Section

Ceramic Characterization
Mn-doped BiFeO3-0.3BaTiO3 lead-free piezoelectric ceramic were fabricated by a traditional solid state reaction using metal oxides and carbonate powders. The crystalline structure of the ceramic was identified by an X-ray diffraction (XRD) diffractometer (SmartLab, Rigaku Co., Tokyo, Japan). The microstructure was characterized using scanning electron microscopy (SEM, TM3000, HITACHI, Japan). The bulk ceramic density was measured by the Archimedes method. The room temperature polarization-electric field (P-E) hysteresis loops were measured using a modified Sawyer Tower circuit at 100 Hz. The sample was poled under 6 kV/mm at 100 °C for 15 min in a silicon oil bath. The piezoelectric properties of the samples were calculated following the IEEE standards on piezoelectricity [23] . The dielectric properties of the BFO-BTO+Mn ceramic and its 1-3 composite were measured using an impedance analyzer (Agilent 4294A, Santa Clara, CA, USA).
1-3 Composite Fabrication
For improving the transducer performance, BFO-BTO+Mn ceramic/epoxy 1-3 composite selected as the active element of the transducer. The composite was fabricated using the traditional dice-and-fill method. A dicing saw with a 50 μm-thick blade was used to dice the sample. The kerf is about 75 μm due to the blade vibration, and the ceramic volume fraction is 60%. The low-viscosity epoxy (Epo-Tek 301, Epoxy Technology, Billerica, MA, USA) was used to fill the kerf. Before the epoxy solidification, the composite sample was vacuumed to remove the bubbles. Then the 1-3 composite was obtained by lapping the excess ceramic and epoxy away. Silver paint (SPI, West Chester, PA, USA) as the electrode was covered on the top and bottom faces of the 1-3 composite disk. Figure 1 shows the XRD pattern of the BFO-BTO+Mn ceramic. The sample possesses a typical ABO3 perovskite rhombohedral structure and no secondary phase is observed. This suggests that Mn has diffused into the BFO-BTO lattices to form a homogeneous solid solution. Figure 3 shows the P-E hysteresis loop of the BFO-BTO+Mn ceramic at room temperature. The remnant polarization Pr value is found to be 32 μC/cm 2 , which is similar to the previous report [16] . The coercive field Ec is about 2 kV/mm. The result suggests that the BFO-BTO+Mn ceramic has good ferroelectric property. There are four components including a backing layer, 1-3 piezoelectric composite, matching layers, and metal housing. The 1-3 piezoelectric composite with a diameter of 20.8 mm and a thickness 0.75 mm was mounted in a metal housing. The matching layer was placed in front of the 1-3 piezoelectric composite. The backing layer was molded on the rear side of the composite to reduce the ring-down time of the transducer. The geometry of the transducer is a piston structure. Table 1 shows the properties of the BFO-BTO+Mn ceramic, 1-3 composite and PZT ceramic. It can be seen that the electromechanical coupling coefficient kt of the 1-3 composite (46.4%) is higher than that of the ceramic (37.5%) and similar to that of PZT ceramic (46%) [24] . Additionally, the acoustic impedance (Za ~ 17.76 MRayls) of the 1-3 composite is lower compared to that of the BFO-BTO+Mn ceramic (29.84 MRayls) and the PZT ceramic (32.5 MRayls) [24] . The 1-3 composite, with a higher kt and lower Za, is more suitable for transducer applications. Single matching layer was designed based on a one-dimensional Krimholtz-Leedom-Matthae (KLM) model software PiezoCAD (Version 3.03 for Windows, Sonic concepts, Wood-inville, WA, USA). The matching layer was fabricated using low-viscosity epoxy (Epo-Tek 301, Epoxy Technology, Billerica, MA, USA) with aluminum oxide powder. The acoustic impedances of the matching layers are 3.98 MRayls. The thickness of the matching layer was designed to be λ/4 (~0.27 mm), where λ is the wavelength of the acoustic wave transmitting in a matching layer at the resonance frequency. The backing layer is epoxy (Epo-Tek 301, Epoxy Technology, Billerica, MA, USA) loaded with larger-size aluminum oxide powder and polymer micro-bubbles. The acoustic impedance of the backing layer is light, about 5.05 MRayls. The thickness of the backing layer was about 10 mm. The properties of the matching and backing materials are shown in Table 2 . The square of effective electromechanical coupling coefficient keff 2 , which describes the conversion of energy between electrical and mechanical, was calculated as following [23, 25] :
Results and Discussion
where fs is the frequency of the maximum conductance, and fp is the frequency of maximum resistance. For this transducer, the values of the fs and fp are about 2.62 MHz and 2.93 MHz, respectively. Therefore, the value of keff for this transducer is 48.5%.
The performance of the transducer was evaluated using a conventional pulse-echo response measurement method. By connecting to an ultrasonic pulser-receiver (Panametrics 5900PR, Olympus, Japan), the transducer was excited by a 1 μJ electrical pulse with 1 kHz repetition and 50 ohms damping. The echo response was captured by the receiving circuit of the pulser-receiver and displayed on an oscilloscope (Infinium 54810A, HP/Agilent, Santa Clara, CA, USA). The frequency domain pulse-echo response was acquired on the oscilloscope by Fast Fourier Transforms (FFT) math feature.
Based on the PiezoCAD software, the modeled pulse-echo waveform and frequency spectrum of the 1-3 composite transducer is shown in Figure 5a . Compared to the modeled results, the experimental results ( Figure 5b) show similar characteristics. It is found that the measured center frequency of the transducer (2.54 MHz) agrees well with the modeled result (2.53 MHz). The experimental bandwidth of the transducers is 53%, which matche quite well with the modeled result (54%). This transducer's performance is comparable with that of a PZT transducer (1.88 MHz, 56.4%) and BNKLBT lead-free transducer (1.84 MHz, 63.6%) with a similar frequency and structure [6] . 
Conclusions
The BFO-BTO+Mn/epoxy 1-3 composite ultrasound transducers have been successfully fabricated. The performance of the transducers have been simulated and measured. The measured bandwidth was found to be 53%. The transducers were found to exhibit low insertion loss of ~33.5 dB. The results suggest that the BFO-BTO+Mn lead-free composites have the potential to be used for ultrasonic transducers.
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